stimulation. Inclined walking and stair climbing were used to decrease stability and increase 84 task uncertainty, while the effects of holding a handrail were analyzed. They observed that 85 reflexes were amplified in muscles that were functionally able to restore balance. In line with 86 the findings of Haridas et al. (2008; 2005) , it was observed that during unsupported locomotor 87 tasks, the reflexes were most prominent in the contralateral leg muscles, which are best suited 88 to restore balance during these tasks. Taken together, the observations in these studies suggest 89 an important role for cutaneous reflexes in contralateral leg muscles in maintaining stability in 90 locomotor tasks where stability is threatened. 91
Another paradigm used to induce unstable gait, is backward walking (Schneider and 92 This reflex could be attenuated by procedures reducing the instability. In particular they reflex amplitude was reduced. Subsequently, increasing instability after training (by making 99 the participants walk backwards with eyes closed) restored the large reflex activity. 100
Hence one would expect that backward walking is a good model for unstable gait and 101 one would expect to see changes in crossed reflexes here as well. Cutaneous reflexes have 102 been studied during backward walking but only for ipsilateral reflexes (Duysens et al. 1996) . 103
It is hypothesized that the study of cutaneous reflexes in the contralateral limb during 104 backward walking will provide more insight in the functional role of cutaneous reflexes; 105 specifically in addition to earlier reports of the prominent role of contralateral cutaneous 106 As backward walking is unusual and more variable than forward walking, we 108 hypothesized that backward walking is less stable than forward walking and that in backward 109 walking the muscles in the contralateral leg would show pronounced reflex activity during its 110 stance phase. To test these hypotheses we applied sural nerve stimulation during backward 111 walking and analyzed both the stability and the middle latency reflex activity in both 112 ipsilateral and contralateral lower limb muscles. To ensure that the present conditions were 113 identical to those reported in a previous study (Duysens et al., 1996) , the ipsilateral reflexes 114 were measured as well. We measured electromyography (EMG) recordings at 1000 samples/second 134 (ZeroWire, Aurion, Italy) from three muscles in both legs: the tibialis anterior (TA), medial 135 gastrocnemius (GM) and biceps femoris (BF). We selected these muscles, because prominent 136 reflex activity has been observed for these muscles Duysens et al. 1996; 137 Duysens et al. 1990) . A pair of recording surface electrodes (with a diameter of 1 cm) was 138 placed over the muscle belly with an interelectrode distance of 2 cm, parallel with the muscle 139 fibers and close to the motor point. Care was taken not to place the electrodes over the 140 peripheries of the muscles to minimize EMG cross talk. The electrodes were placed after hair 141 shaving, skin abrasion and application of alcohol and ether. 142
We positioned a bipolar stimulation electrode over the sural nerve, approximately 143 halfway between the lateral malleolis and the Achilles tendon of the right leg. We determined 144 the exact location according to the optimal irradiation of the stimulus. The electrode was then 145 firmly attached to the skin with tape and strapped by an elastic bandage around the ankle. 146
Each stimulus consisted of a 5 pulse (1.0 ms) train at 200 Hz (Grass S88 stimulator connected tested both the perception and the irradiation threshold during quiet standing just before the 149 first condition and at the end of the experiment to verify stable stimulus conditions. We set the 150 stimulus intensity to the double of the perception threshold (Duysens et al. 1996) . 151
To enable a reproducible stimulation at 16 equidistantly distributed phases in the gait 152 cycle, we used custom-written Matlab software that timed each stimulus in the right phase 153 based on the instant of heel strike of the right (stimulated) leg. The instant of heel strike was 154 determined by a vertical force (see below) threshold of 10 percent of bodyweight. Ten stimuli 155
were presented for each of 16 phases of the gait cycle in a random order, such that there were 156 at least one (mean 1.03) complete strides without a stimulus between consecutive stimuli. For 157 each condition 160 stimulated strides were assessed. Before we triggered the stimulation 158 software, subjects walked for 2-5 minutes on the treadmill to acclimatize to (backward) 159 treadmill walking. The instrumented dual belt treadmill enabled collection of the ground 160 reaction forces for each individual leg. The forces were sampled at 1000 samples/second. The 161 vertical reaction force of the right (stimulated) leg was used for the online distribution of the 162 stimuli over the gait cycle (see above). All forces were stored for offline analyses of gait 163 parameters. 164 165
Data analysis 166
We applied a fourth-order recursive, zero phase-shift, Butterworth low-pass filter with 167 a cutoff frequency of 10 Hz on the raw force data. We determined step width and the instants 168 of heel strike and toe-off, based on the center of pressure (Roerdink et al. 2008). We excluded 169 strides when a foot incidentally was placed on two belts or when two feet were on the same 170 belt. Gait cycle was defined from right heel strike (0%) to the next right heel strike (100%). The EMG signals were amplified and high pass filtered (cut-off frequency 3 Hz). After 186 full-wave rectification, we low pass filtered the EMG signals (cut-off frequency 300 Hz). We 187 quantified the reflex responses by calculating the mean of the EMG data over the period in 188 which the responses occurred ( During backward walking the participants walked with wider steps (0.26±0.03m) than 219 during forward walking (0.19±0.03m) (p < 0.001), resulting in a higher margin of stability in 220 BW (0.11±0.02m) compared to FW (0.08±0.01m) (p < 0.001). The short term maximum was higher (4.98±0.11) than during FW (4.84±0.07) (p = 0.0025), indicating that BW is less 223 stable. We had to exclude a single participant (P5) from these analyses, as one of the force 224 sensors in the left belt was not accurately functioning. Determination of the instants of heel 225 strike and toe-off of the stimulated leg (right belt) was not affected, so this participant was 226 included in the reflex analyses. Here we focus on the cTA and iBF, which displayed phase dependent modulation on a group 266 level (Fig. 2) . The enhanced reflex activity in the cTA during the contralateral stance phase 267 was observed for 10 out of 13 participants (Fig. 4, right column) , while the background EMG 268 activity pattern was similar for all participants. 269
272
In contrast, for the ipsilateral BF (iBF), we observed large inter-individual differences 273 both in the background EMG patterns and in the reflexes (Fig. 4, left column) . Several 274 participants showed significant suppressive reflexes (P1-P3, P5), but for others (P9 and P13) 275 the reflex activity was enhanced in most phases of the gait cycle. These variations did not 276 follow the variations in cTA. In other words a tendency towards facilitation in iBF was not 277 necessarily coupled to a similar tendency in TA (Fig. 4) . To shed light on the basis of these 278 variations the reflexes were expressed in terms of a maximum gain (reflex/background) and 279 this number was correlated with some of the available characteristics of the subjects (such as 280 body mass, height, body mass index (BMI), as well as with the calculated stability measures). 281
All correlations were below r = 0.7 and none reached significance. 282
283

DISCUSSION 284
In this study, we applied sural nerve stimulation during both forward and backward 285 walking and analyzed the reflex activity in both ipsilateral and contralateral lower limb 286 muscles. The most prominent new observation was the consistent presence of reflex EMG 287 activity in the contralateral TA during the contralateral stance phase during backward 288 walking, while no significant reflex EMG activity was seen in this muscle during the swing 289 phase, although background EMG activity was similar. In addition, we frequently observed 290 significant reflex inhibition in the iBF during the transition from the ipsilateral stance phase to 291 the ipsilateral swing phase (phases 10 & 11; Fig. 2 ). Focusing on the individual participant 292 data of the iBF (Fig. 4) , large inter-individual differences in both background and reflex EMG 293 patterns can be observed. TA during BW, no correlation between these properties was observed. Therefore, no support 306 was found for the proposal that reduced stability in BW would be the cause of pronounced 307 reflex activity in the muscles. 308
The observation that the reflex activity in the cTA was mostly independent of the level 309 of background activity, suggests that during BW strong "premotoneuronal" phase dependent 310 modulation of reflexes occurred in this muscle. The source of this modulation is unknown but 311 it is striking that for crossed reflexes in BW, just as for ipsilateral reflexes in FW, the TA was 312 special among the muscles studied, since it consistently showed a large degree of phase-313 dependent modulation. It may be speculated that this is related to the large contribution of and TMS in seated participants during tonic voluntary contractions and their results indicated 321 that the TA facilitation was due to increased susceptibility of the corticomotoneuronal cells, 322 rather than by an interaction between the cutaneous and corticospinal volleys at a subcortical 323 site. In gait, similar results were obtained (Pijnappels et al. 1998 ). In the TA, muscular 324 responses to paired electrical sural nerve and TMS were higher than compared with the linear 325 summation of the two stimuli separately, specifically during the swing phase of the stimulated 326 leg. It needs to be emphasized however that all these data refer to ipsilateral TA and that the 327 actual situation may be more complex for contralateral muscles. 328
In the ipsilateral BF, the background activity was clearly increased around the stance-329 swing transition of the ipsilateral leg for several participants (P1 -P4; Fig. 2) . These 330 participants also showed a large reflex inhibition during this period of the gait cycle. For other 331 participants the background activation during the stance-swing transition was less, the 332 accompanying reflex inhibition was less or absent and instead reflex facilitation was observed 333 during the first part of the ipsilateral stance phase (P8, P9, P13; Fig. 2) . 334
Data for cutaneous reflexes in the ipsilateral muscles during backward walking is 335 available from a study by Duysens et al. (1996) . The group averaged background EMG 336 pattern that we observed (Fig. 2) , was similar to this earlier study, although we generally 337 observed higher values over the complete gait cycle. The reflex activity pattern was also 338 similar to the earlier study. As a result, our subtracted normalized EMG curve (Fig. 2) was 339 similar, but shifted downward, displaying more suppression. The differences between these 340 results of both studies are most likely related to the large inter-individual differences that can 341 be observed in the iBF reflexes. Participants in our study showed varying degrees of iBF 342 reflex inhibition and one participant (P13) showed substantial iBF reflex facilitation, 343 consistent over all phases of the gait cycle. The responses in the contralateral muscles other than the cTA showed less dramatic 358 phase-dependent modulation during backward walking. For the cGM, reflex activity was 359 similar to the background activity for all phases of the gait cycle. The reflex modulation in the 360 cBF can best be described as a continuous enhancement of the background EMG activity 361 throughout the gait cycle. 362
As for the iBF, data on the background and reflex EMG patterns of the iTA during 363 BW is available from a study by Duysens et al. (1996) . For the iTA, the presently observed 364 reflex modulation pattern was similar, except that we observed less enhancement during the 365 swing phase. 366
Generally, during FW the background and reflex EMG patterns were similar to those 367 described in earlier studies using non-noxious sural nerve stimulation during walking (Baken 368 We hypothesized that during backward walking, reduced stability would cause 388 pronounced reflex activity in the muscles of the contralateral leg. We did observe pronounced 389 reflex activity in the contralateral TA; however, this was not due to reduced stability. 390
Alternatively, the pronounced reflex activity might be related to the phase dependent function 391 of the muscles during BW. In the cTA, reflex activity is most pronounced during its single 392 stance phase. In this period the TA resists the horizontal acceleration of the center of mass 393 When the sural nerve is activated during the ipsilateral swing phase, a safe strategy 398 would be to slow down. This can be accomplished by increasing activity in the cTA, which is 399 in agreement with the observed pronounced reflex activity. However, these activations are of 400 short duration and were primarily seen in selected muscles such as TA. Hence it is unlikely 401 that they would have large behavioral consequences. This was confirmed after inspection 402 horizontal ground reaction force traces. There were no measurable alterations due to the sural 403 nerve stimulation. It has to be kept in mind that these responses are of small duration and 404 therefore do not always result in large biomechanical changes. A similar situation was 405 observed in a previous study in which auditory perturbations were applied during gait. These 406 
